Liquid crystalline polymer (LCP) and polyethylene terephthalate (PET) were blended in an elastic melt extruder to make samples having different volume fractions of constituent polymers. Shear stress, shear viscosity, first normal stress difference at different shear rates under steady state conditions of these blends were evaluated at two different temperatures 265 and 285˚C. The LCP was in solid state at 265˚C and in melt state at 285˚C and was dispersed in molten matrix of PET at both temperatures. Shear viscosity of blend increased with addition of LCP in PET matrix. A maxima was observed in viscosity versus composition plot. Blends containing more than 50 vol. % of LCP in the blend show higher viscosity as compared to the constituent polymers. First normal stress difference, N 1 , increased with LCP content in the blend at 285˚C when ploted against shear stress whereas at 265˚C this trend was opposite. The increased value of N 1 with shear rate was explained assuming a tendency of asymmetric particles to rotate under velocity gradient of suspending medium. At 285˚C N 1 varied with shear stress in two stages. First stage was characterized with high sensitivity of N 1 with shear stress, which reduced in second stage on plastic deformation of LCP droplets.
INTRODUCTION
Liquid crystalline polymers (LCP) are attractive high performance engineering materials with high strength and stiffness, high chemical resistance, good dimensional stability and low linear thermal expansion coefficient. LCP consist of repeating stiff mesogenic (liquid crystalline) monomer units that are incorporated either in the main-chain or in the side chain of a polymer backbone. The high cost of the monomer synthesis and polymerization makes LCP too expensive to be used as general purpose engineering plastics. It is more cost effective to create polymer composites with superior mechanical performance using LCP as a blending component [1, 2] .
There are evidences that LCP can function as a processing aid by reducing the viscosity of thermoplastic matrix during compounding. Addition of small quantity of LCP display apparent viscosities, which can be one or two orders of magnitude lower than those of conventional thermoplastics. When these blends are processed, anisotropic mesogenic moieties of LCP become oriented along the flow field within isotropic thermoplastic polymer liquid. The flow induced orientation results in shear thinning viscosity at low shear rates. The mesogenic phase such as nematic units enables LCP to orient along the flow direction during processing. This leads to the formation of fine fibrils at an appropriate range of LCP concentration under certain processing conditions. The fine fibrils reinforce the matrix of thermoplastics effectively, giving rise to the development of polymer composites that commonly known as insitu composites [1 -8] . Geometry and shear history dependence of flow behaviour of different LCPs has also been reported which is attributed to the texture developed corresponding to the applied shear rates [9] . LCP shows unique viscosity variations by exhibiting maxima and minima both in low shear rate region [10] . The melt rheology of polymers is also being investigated with the help data simulations using nonequilibrium molecular dynamics [11, 12] . The experimental investigations on LCP/PET blends for their rheological, structural, thermal and mechanical properties have been carried out and reported a reduction in extrusion torque while mixing up to a 40% LCP in LCP/PET blend [5] . Shimizu et al [4] observed gourd or elliptical structure of LCP in LCP/PET blends where LCP content was over 50%. Song and Isayev [8] observed that LCP/PET blends of composition 40/60 showed higher values of viscosity at 250, 260, and 270°C at shear rate less than 100 s -1 , however viscosity reduced to lower than that of PET at high shear rates.
The most of the studies related to LCP/PET blend are concentrated around studying the mechanism and conditions of lowering viscosities and the formation of LCP fibrils. The high viscosity of LCP/PET blends than those of constituent polymers is discussed rarely [8] . In present investigations the shear rate dependence of viscosity and first normal stress ddifference, N 1 , of LCP/PET blends at two different temperatures each one at below and above melting temperature of LCP with varying blend composition are studied. The increased value of N 1 with shear rate was explained assuming a tendency of asymmetric particles to rotate under velocity gradient of suspending medium.
MATERIALS AND METHODS
The liquid crystalline polymer used in this study was a copolyester of p-hydroxybenzoic acid (HBA) and 2-6-hydroxynaphtoic acid (HNA), Vectra A 950 of Polyplastics Co. Japan. Polyethylene terephthalate was a commercial product 1206 of Unitika Co. Japan. Both polymers were dried in an oven at 90°C for 14 hours and then 150°C for 4 hours before processing. The composition of LCP and PET was varied as 10, 20, 40, 50, 60, 70, 80, 90 and 100 volume percent of LCP in LCP/PET blend. Blending was carried out in an elastic melt extruder at 285°C. The elastic melt extruder works on the Weissenberg principle [13] . The material was fed directly into the shearing zone, which is built by the rotor and stator. The effective rotor diameter is 14 cm. The extruded material was quenched in water at 12°C and was immediately cut by pelletizer to a 5 mm length. The pellets were dried in an aircirculating oven at 75°C for 12 hours. The above process was repeated once to achieve better mixing. A weighed amount of pellets was placed in the mold. The material was compressed between the hot plates for 3 minutes under 5 MPa pressure at 265°C. The mould was then cooled immediately under the same pressure by circulating water at 12°C and sheets were prepared. These sheets were cut to disc shape for tests by using a sawing machine. These discs were tested on a cone plate type rheometer (radius, R = 1.25 cm), from Nihon Rheology Ki-Ki Co. Ltd.
Shear stress s 12 , viscosity h and first normal stress difference, N 1 were calculated using following relations:
where torque T and thrust F acting on cone were measured at different shear rates g · . Scanning electron microscope was used to observe fractured sample of LCP/PET blend extruded through a capillary of 1 mm diameter and 30 mm length. Such deviations from a rule of mixture are indication of immiscibility of components [14] . Shear rate sensitivity is high amongst the sample con-154 Applied Rheology Volume 16 · Issue 3 
Figure 2 (right above):
Plots between the viscosity of LCP/PET blend and the composition of blends at different shear rates at 285°C.
Figure 3 (left below): Plots between viscosity and shear rate for various blends of LCP and PET along with the data of PET at 265°C.

Figure 4 (right below): Plots between viscosity and shear rate for various blends of LCP and PET at 285°C.
taining more than 50% of LCP in the blend. While comparing the viscosity of LCP with blends containing PET in small proportion, the viscosity of blends was found higher particularly at low shear rates. Decrease in shear viscosity with increased shear rate is commonly observed in most of polymers and their blends and generally referred as shear thinning phenomenon. This shear-thinning phenomenon is clearly demonstrated in Figs. 1 and 2. The extent of shear thinning was strongly composition dependent in this case. Dependence of viscosity on shear rate at temperature 265°C for various blends of LCP and PET along with data of PET is shown in Fig. 3 . Melt temperature of LCP was higher than 265°C and therefore shear rate dependent viscosity data related to LCP is absent in this plot. Viscosity of PET was less than the blends and LCP was in the form of solid dispersoid in molten PET matrix. An increased loading of solid phase LCP in PET behaved like filler and increased the viscosity of blend. Figure 4 shows relation between shear viscosity and shear rates at 285°C. Viscosity of PET is least amongst all other blends as well as LCP and decreased with increased shear rates. Viscosity increased with addition of LCP in PET up to 90 % of LCP in PET. Interestingly, viscosity of LCP is lower as compared to LCP/PET blends having higher volume fraction of LCP than PET. The flow behavior of LCP is complex. Variation of viscosity with shear rate for Vectra A950 as reported [6] shows three viscosity regions. The region corresponding to low shear rate and high shear rate show shear thinning effect where as a narrow plateau is observed at shear rate for 0.1 to 10 s -1 . The plateau is not necessarily observed always and shape of curves varies dramatically with temperature. In low stress region, the polydomain structure of LCP has high resistance to flow to overcome domain structure. Once materials starts flowing, progressive shear thinning is observed. The large domain is broken down in smaller sizes with a large surface area and there-fore higher viscosity is observed. Shear thinning in this region is attributed to size reduction of domains or to the defects in nematic phase [5, 6] . At high shear rate molecules tend to orient in flow direction and hence viscosity reduces with shear rate.
The flow behavior of immiscible polymer blends is more complex due to the competition between deformation, breakup, coalesce of dispersed phase and viscoelastic nature of phases. Song and Isayev [8] reported that LCP domain are spherical droplets without extension. However they deformed to long fibrils with an extension ratio of 440. In present case imposed deformation is very less and chances of fibrillation at 285°C are negligible. Hence it may be assumed that LCP remained in droplet form distributed in PET matrix showing high viscosity of system. On increasing shear rate these droplets were deformed in flow direction and shear thinning was observed.
Figures 5 and 6 show variation in shear stress with shear rate at two different temperatures 265°C and 285°C for various compositions of LCP/PET blends. Shear stress increased with content of LCP in the blends and shear rate. Slope of curves decreased with LCP content. Flow curves appear to be similar to other incompatible polymer blends and particle filled composites and follow power law relationship. The two phase polymer melts or filled polymers follow an empirical relation ship referred as power law describing high stress, s 12 , at high shear and yield stresses, Y, at low shear rate g ·
The flow curves at 285°C at which both LCP and PET are in liquid state, show that shear stress increased with shear rate in general. An increase in LCP contents increased shear stress. LCP showed much less value of shear stress as com- pared to few blends containing LCP such as 90/10, 80/20, 70/30 etc. The blends containing LCP contents as 50% or above display plateau at strain rates below 0.1 s -1 . Fig. 7 shows variation in shear viscosity with shear stress at temperature 265°C for various composition of LCP/PET blends. PET showed decrease in viscosity with increased shear stress. LCP/PET blends are extremely sensitive to shear stress almost showing the yield stress values of blends. It is evident that yield stress increased with loading of LCP in PET. As reported by several researchers [15] such flow behaviour is attributed to the formation of temporary network by filler particles that become stronger with additional particles due to increased interactions.
At 285°C where LCP is in molten state shear viscosity of blends showed complex behaviour with shear stress as shown in Fig 8. There is almost ten times reduction in viscosity of PET as compared to that at 265 °C but trend of curve is similar. Addition of LCP increased viscosity of blend with varying the slope of the curve. Yield stress observed in few cases in which LCP is more than 50 vol.% in blend. The yield stress increased with loading of LCP in PET as discussed in the previous paragraph. Viscosity of LCP was less than that of several blends as shown in Fig. 8 . Figure 9 compares dependence of viscosity of blends on shear rates at different temperatures. At 285°C viscosity of blends found higher than their individual component as well as blend show high sensitivity with shear rate as compared to PET and LCP.
FIRST NORMAL STRESS DIFFERENCE
Normal stress developed during shear flow of a viscoelastic fluid implies finite elastic strain developed in this fluid. These stresses have their origin in elasticity of liquids. The normal stress difference is expressed in terms of principal stresses. The first normal stress difference N 1 or s 11s 22 is approximately proportional to amount of shear. At low shear rates normal stresses are negligibly small as compared to tangential stresses but commensurate with tangential stresses and exceed with increasing recoverable shear. For polymer melts filled with small solid particles White [16] proposed a relation ship 156 Applied Rheology Volume 16 · Issue 3 between first normal stress difference and shear rate as follows: (5) where l 1 is the relaxation time, G the modulus, g · the shear rate, and Y the yield stress.
The shear rate dependence of N 1 changes from first order for textured materials [17] to second ordered for homogeneous polymers [18] due to shear-induced homogenization at high shear region. The dependency of N 1 to second order of shear is also attributed to shear induced alignment of micro domains structure [19] . Goddard and Miller [20] developed an equation for deformable elastic particles suspended in Newtonian fluid to determine the effect of shear induced particle deformation and rotation on suspension behaviour in absence of Brownian effects. Accordingly viscosity and first normal stress difference can be calculated as per following equations
where l 1 = 3h 0 /2G and h 0 is the viscosity of suspending medium and G is modulus of Hookean elastic particle, f is volume fraction of droplet phase. These equations predict shear thinning viscosity and normal stress effect, which is proportional to volume fraction of droplet phase. On assuming rigid particle of LCP at 265°C. The equa-
s 11 s 22 = 2Gl 1 2 g 2 for g s 11 s 22 = 0 for g 0 tion reduced to Einstein equation for spherical particles in dilute suspensions i.e l 1 = h 0 (1 + 2.5f) because l 1 would be zero for a rigid particle.
The experimental values are shown in Figs. 10 and 11 wherein first normal stress difference, N 1 , is plotted against the shear rate at two different temperatures T = 265 and 285°C for various composition of LCP/PET blends. N 1 increased with content of LCP in the blends and with shear rate. In general, N 1 is expected to decreases with increased loading of filler of rigid nature in a polymer matrix because of reduced recoverable elastic strain in the system. However there are several reports [21 -23] about increased value of N 1 with the loading of particulates, which is attributed to real shear rate acted on matrix and is larger than the applied shear rate because the shear rate inside a rigid particle is zero. The assumption of high real shear rate was advocated by researchers however a few facts are to be answered satisfactorily. First, It is assumed that shear rate at center of spherical particle would be zero due to its rigidity and local velocity gradient of medium would be very high and therefore actual shear rate is higher as compared to imposed shear. It implies that smaller the diameter of particle higher would be the real shear rate because velocity gradient, du/dx, would be steeper as compared to large particle. Here du is difference in velocity of layers separated by a distance dx. The distance from the center of particle to surface, dx, would be smaller as compared to the larger particle. In that case N 1 must increase with reduction in particle size. Second, the increased number of particles (loading), which is generally associated with agglomeration of particles might show decreased value of N 1 due to the increased effective diameter of particles agglomerates. Third, on increasing shear rate the proposed real shear rate would be higher and then the slope of N 1 versus shear rate curves must increase with shear rate which has not been reported so far. A possible mechanism to explain experimental observation is given below.
The dispersed particle in a sheared flow experiences a torque due to the differential velocities of layers of suspending medium. This torque tries to rotate particle. In other words, the particles would tend to rotate on own axis. The tendency of rotation of particle shall disturb the flow least provided particles are small in size and symmetric in the direction of rotation. An increase in asymmetry of particles would disturb the flowing layers and a normal force perpendicular to flow direction would be developed. Let us assume an elliptical particle with major axis in the direction of flow at time t = 0. At t 1 time rotation of his particle would occur due to gradient velocity profile. This would exert a normal force on layers of suspending medium those in steady state linear motion due to the shape of particle. This force is expected to be proportional to number of particles and the asymmetry of particles. Han [21] observed that when glass beads 0.5 -4 · 10 -3 cm in diameter were suspended in Indopol L 100 no measurable N 1 observed but fibres of radius 1.32 · 10 -3 cm and length 1.27 cm shows N 1 values. This mechanism explains the increased value of first normal stress difference on increased loading of particles such as carbon black [22] , calcium carbonate [23] etc in polystyrene melt.
The increased N 1 with loading of particles at a constant shear rate in case of LCP/PET blends when LCP particle size is small and dominantly spherical in shape may be attributed to the tendency of rotation of particles in sheared flow. Figure 12 is a SEM micrograph of 10 vol% LCP distributed in PET sample in which spherical shape LCP domains can be observed. On increasing LCP in PET number of LCP domains increased and few of those domains after coalescence make bigger droplets/particles with elliptical or guard shape [4] . This would increase the torque on these par-ticles and their tendency to rotate resulted in higher value of N 1 .
The results on die swell behavior of rigid particle filled polymers are some time discussed in connection with first normal stress difference. The relationships used are given by (8) and recoverable shear strain (9) Here D i /D o is die swell ratio. It seems that N 1 is proportional to die swell but in fact the first normal stress difference and shear stress are dependent and ratio of these two as shown in Eq. 9 is deciding factor about value of recoverable strain. On addition of rigid particles the fraction of recoverable elastic strain reduces and consequently die swell decreases.
To examine further the effect of shear on N 1 the experimental values of N 1 were plotted against shear stresses as shown in Figs 13 and 14 . Contrary to Fig. 13 it is shown in Fig. 13 that N 1 decreased with increasing the LCP contents in the blend at 265°C. At low shear stresses N 1 increased with LCP contents up to 20 vol% in LCP/PET blend, however at higher loadings a shift to this trend was observed and N 1 decreased with LCP content in the blend for rest of the compositions shown in this graph. The increased loading of LCP sharply increased the shear sensitivity at higher shear region. For a blend sample LCP/PET of 70/30 the N 1 is proportional to four orders of shear stress. While comparing with plots shown in Fig 10, N 1 was proportional to first order of shear rate.
The effect of temperature on relation between first normal stress difference and shear stress can be observed in Figs 13 and 14 .
When LCP is in molten state the addition of LCP in the blend increased N 1 as shown in Fig 14. A careful inspection of the curve reveals that these curves have two stages. In first stage slopes of curves are high as compared to those of second stage. First stage is characterized with high sensitivity of N 1 with shear stress, which reduced in second stage. Slope of first stage curve increased with LCP loading. First stage may be attributed to dominant elastic deformations of LCP droplets under applied shear that increased with the volume fraction of LCP or the number of droplets in the blend. The deformed droplets stored large amount of surface energy and consequently increased N 1 . On further increase in shear stress the plastic deformation of LCP droplets took place and molecules aligned in flow direction and possibly energy is spend on fibrillation of droplets resulting in reducing the sensitivity of N 1 on shear stress. It is generally believed that droplet deformation is controlled by two important parameters; the viscosity ratio and interfacial tension between the two fluids. When interfacial tension is negligible compared to viscosity effect, the deformed droplet in the form of spheroid shall align in flow direction. In case of polymer blend processing low viscosity ratios and large capillary numbers, which develop fibrillation of domains, are encountered. Mathematically droplet deformation criteria have been evolved and can be summarized as follows [8, 24] : Here the reduced capillary number is given by Ca* = Ca/Ca c where Ca is the ratio of hydrodynamic stress to interfacial stress, i.e. Ca = h m g · R/s where h m is the matrix viscosity, R the drop radius and s the interfacial tension. Ca c is critical capillary number beyond which the droplet can no longer sustain further deformation and breaks.
Experimental and theoretical analysis on dependence of N 1 and s 12 on g suggest that at low shear rates s 12 is proportional to g · and N 1 is proportional to g · 2 (Eqs. 4, 5, 7). As the rate of shear increases both N 1 and s 12 increase but rate of increase of N 1 is faster and therefore it crossover s 12 . The relation between N 1 and s 12 becomes quadratic and some times even higher near the forced-rubbery state region [25, 26] . Czarnecki and White [27] reported increased normal stress difference of melts containing flexible particulates such as cellulose fibre and Kevlar fibres, which depend on fibre length to diameter ratio. It implies that LCP droplets were deformed on shearing and resulted in increased N 1 with shear stress. On the other hand blends at 265°C showed decreasing trend indicating non-deformed LCP droplets (particles) in the shear field.
CONCLUSIONS
Shear depend viscosity and first normal stress difference of LCP/PET blends at solid and molten states of LCP were investigated. Blends with more than 50% of LCP displayed high shear viscosity than that of either LCP or PET at low shear rates. LCP was found more shear sensitive as compared to PET. A maxima was observed in viscosity versus composition plot. First normal stress difference increased with LCP content in the blend at 285°C whereas at 265°C this trend was opposite. The value of N 1 increased with shear-rate as well as with shear stress indicating increase in recoverable elastic strain with shear. At 285°C N 1 varied with shear stress in two stages. First stage was characterized with high sensitivity of N 1 with shear stress, which reduced in second stage on plastic deformation of LCP droplets.
